Diurnal and seasonal variations of space charge, vertical electric field and cloud condensation nuclei in the lowest layers of the atmosphere during winter, pre-monsoon, monsoon and post-monsoon seasons were studied.
Introduction
The net space charge density in the atmosphere represents the difference between the total number of positive and negative ions in a unit volume of air. Statistical studies have indicated that the average concentrations of large ions of both signs in the atmosphere under natural conditions are nearly equal and the corresponding average space charge values are expected to be low (Bricard, 1965) . However, measurements of space charge have shown pronounced differences in magnitude and sign depending upon the local atmospheric pollution levels resulting from human activity (Muhleisen, 1956) . Any information on the time variations of the atmospheric electric field, space charge and aerosols in the surface boundary layer under different meteorological conditions is of significant importance for the progress of research in atmospheric electricity, cloud physics and air pollution.
The diurnal and seasonal variations in space charge, vertical electric field and cloud condensation nuclei in the lowest layers of the atmosphere at Poona (geographical co-ordinates 18O32' N, 73O51'E; geomagnetic co-ordinates 9O25'N, 144O54'E) have been investigated in the present study. The possible association between the atmospheric electric field and the F, layer critical frequency (foFJ, especially during the pre-and post-sunrise periods has also been examined in order to understand whether the ionosphere could be a source of atmospheric electric sunrise effect (Muir, 1975) . Harmonic and power spectral analyses of the electric field and space charge have been performed and the phase relationships of the atmospheric electrical components are studied. The results of the study are presented below.
Location of measurements
Poona is situated on the lee side of the Western Ghats at an elevation of 559 m above M.S.L. The observational site is located in the centre of an urban area with several small industries nearby.
Meteorological conditions given below: (i) Pre-monsoon (March-May)
The weather is very hot with daytime maximum temperature reaching 40 OC. Surface winds are mostly gusty and cumulonimbus development takes place during afternoon/evening hours. The dust content in the atmosphere is at a maximum during this season.
(ii) Monsoon (Ju ne-September)
The air flow in the lower troposphere is westerly which brings a large influx of moist air from the Arabian Sea. Under the influence of large-scale convergence due to synoptic systems the region gets light continuous/intermittent rain from cumulus-and stratocumulus-type clouds. The atmosphere is relatively free from dust during this season.
A brief summary of the weather at Poona is (iii) Post-monsoon (October-November)
The westerly flow weakens in the lower troposphere and the easterly flow sets in accompanied by a rapid fall in the minimum temperature by the end of October.
(iv) Winter (November-February)
Fair weather conditions exist with clear skies. The relative humidity is very low. Surface winds are light and least gusty. The daily surface minimum temperatures go down to 3 or 4°C. There is incursion of dry polar continental air in the wake of low-pressure systems (western disturbances) moving across the far northwestern parts of the country. Low-level inversions are present during morning and evening hours and dust haze occurs during morning hours.
Measurements and data

Space charge concentration
The space charge concentration was obtained by the "potential gradient method" by measuring the change in the vertical electric field between two levels (Chalmers, 1967; Israel, 1973) . Two identical radioactive collectors containing Polonium-210, 6 microcurie source, installed at 15 and 120 cm levels on a mast, were used for measuring the electric field. The collectors were connected to two identical electronic measuring circuits through 10l2 ohms (Victoreen, U.S.A.), 100: 1 voltage dividers. The electronic circuits consisted of electrometer operational amplifiers (Analog Devices, U.S.A., Model 3 11 K). The field values at the two levels were simultaneously recorded on a multi-pen milliampere strip chart recorder. The details of the instruments were reported elsewhere (Mary Selvam et al., 1977) . The electric field values were corrected for ideal exposure by multiplying with a suitable reduction factor (Chalmers, 1967 ) determined previously. The minimum value of the electric field which the instrument can record is 1 V m-I in the highest sensitivity range.
The average values of the electric field and space charge concentration were computed using the data obtained at 15-min intervals from the continuous records of the electric field at the two levels. The data collected during the period April 1973 to March 1974 were used in the study. The records obtained during thunderstorm conditions and during moderate to heavy rain conditions were not considered.
Cloud condensation nuclei
The concentration of cloud condensation nuclei (CCN) at 0.1 % supersaturation was measured using a chemical diffusion chamber (Twomey, 1959) . The sampling was done from the same location as that of the measurement of the electric field. These measurements were made in the afternoon hours when the convective activity was maximum. The accuracy of the measurement was estimated to be 5 %.
Ionospheric data
The values of the F, layer critical frequency ( foF2) published by the Research Department, All India Radio, New Delhi, for Bombay (geographical co-ordinate 1 9 " W N, 72O50'E; geomagnetic latitude lO"00'N) for the period April 1973 to March 1974 were considered.
Meteorological data
The normal values of the surface meteorological data for Poona for the period 1931 to 1960 and the average values for the period April 1973 to March 1974 were obtained from the records maintained by the India Meteorological Department, and are given in Table 1 .
The thermal stratification of the lower atmosphere during the period of other observations (April 1973 -March 1974 could not be examined as no radiosonde temperature observations were made at Poona during that period. However, Shaha and Ananthakrishnan (1976) studied the thermal structure of the lowest layer (surface40 m) of the atmosphere using continuous thermograph recordings obtained at the surface and 40 m level. These observations were made at the same location where the other observations on the electric field and CCN were made and discussed in the present paper. The study of Shaha and Ananthakrishnan (1976) was based on the data for the years 1949, 1954, 1957 and 1960 selected at random. These special observations, taken for a specific programme, were discontinued subsequently and not available for the period April 1973 to March 1974. The average values of the temperature difference (ATOC) between the surface and 40 m levels for the 4-year period taken from Shaha and Ananthakrishnan (1976) are reproduced in Fig. 2 . Since the data were chosen randomly, the results may be applicable to the period of the present study.
Results and discussion
Diurnal variation
The diurnal variation of space charge, electric field at 120 cm and fOF2 for the four seasons is shown in Fig. 1 . The diurnal variation in the temperature difference (AT "C) between the ground and 40 m level is shown in Fig. 2 .
The daily mean values of space charge and electric field and the seasonal mean values of the cloud condensation nuclei along with their standard deviations for different seasons are given in Table  2 . The standard deviations of space charge and electric field were also computed using the 15-min values of the electric field and space charge data shown in Fig. 1 . The standard deviations of space charge and electric field during early morning hours are low and are less than 50% of the mean values. The standard deviations between 1000 and 1100 IST are maximum and are up to 200% of the mean values. Since the standard deviations around the early morning hours are low the basic con- clusions drawn from the present study are not affected.
The mean values as well as the diurnal range of variation for both space charge and electric field (Table 2) are high during winter/pre-monsoon and are low during monsoon/post-monsoon seasons. Examination of the diurnal range of variation of the surface temperature (Table 1 ) also shows behaviour corresponding with space charge and electric field. during the four seasons.
The mean space charge is found to be positive in all the four seasons. As the measurements in the present study were made in the urban area, the positive sign noticed for space charge is consistent (Muhleisen, 1956 ). The space charge in this case may consist of large ions produced by urban activity.
The CCN concentration is maximum during winter when the electric field is also maximum (Fig. 3 ). During this period the airflow in the lower troposphere is easterly which brings high concentrations of particulates of continental origin. The particulate concentration determines the conductivity and hence the absolute magnitude of the electric field. The thermal structure and its variation in the lower layers control the vertical transport of the particulates and thus influence the variations in the surface electric field.
The space charge concentration exhibited double oscillation corresponding to that of electric field during winter and pre-monsoon seasons. The rise in space charge concentration and in electric field begins in the pre-sunrise hours almost simultaneously, but the morning maximum in space charge precedes that of electric field by 30 min to 1 h. The rise in both these parameters commences again almost simultaneously in the afternoon hours. The electric field reaches its maximum earlier and starts falling more rapidly than the space charge. The differences in the time of occurrences of the maximum for space charge and electric field, both in the morning and evening hours, may be explained as follows:
The low level inversion which is strong in the morning hours starts breaking, due to ground heating, at about 0800 IST when the space charge concentration also shows a steep fall. As the day progresses, surface heating by the sun warms the air layer near the ground and erodes the inversioh Figures in parentheses denote the number of observations of which the given value is the mean. from below. Thus when the inversion breaks, the concentration of particulates in the surface boundary layer starts decreasing from the lower to the higher layers as convection currents travel from lower to higher levels. This will result in the upward transport of particulates and the rate of upward transport will be dependent on the rate of break-up of the inversion. The effect on space charge is noticeable as soon as the particulate concentration decreases in the lowest layers. As the particulates move up above 120 cm charges of one sign may have their lines of force ending on charges of opposite sign below 120 cm. Thus the electric field at 120 cm may not start decreasing till the particulate concentration above the 120 cm level decreases to an appreciable extent. In the evening hours, when the convection currents cease at the ground surface, particulate concentration may start decreasing from the higher to the lower levels due to settling down of the particles in the gravitational field. Thus the differences in the times of occurrence of the maxima for space charge and electric field as observed in the morning and evening hours are consistent. The above observation is further corroborated by the recent measurements (Chisnall et al., 1977) made, using an instrumented aircraft, of the vertical electric field, E, and the ionic conductivity, I,, of the atmosphere in the vicinity of a temperature inversion. It was found-moving downwards through the inversion-that the reduction in 1 associated with ionic immobilization upon aerosol particles occurred over an appreciably shorter vertical distance than that for the accompanying increase in E. The ionic current density was not preserved over the region of changing E. These observations suggest that the space charge created in the region of conductivity gradient was transported downwards by eddy diffusion.
During winter and pre-monsoon the space Tellus 32 (1980), 3 charge and electric field showed almost a parallel variation with a double oscillation which may be due to the electrode effect (Chalmers, 1967 ) during inversion conditions. The space charge changes sign from positive to negative during the afternoon hours. The electric field showed a decrease during the period 2000-0500 IST in association with space charge which may be attributed to the decrease in the particulate concentration under the following meteorological conditions.
(i) calmhery light winds and (ii) formation of fog and mist.
Decrease of particulates can also take place during the above period due to the subsidence of air masses leading to the settling down of large/giantsize particles. The particles of diameter >0.01 pm influence the space charge concentration since these particles alone can absorb and retain more than one elementary charge (Israel, 1973) .
The diurnal variation of the space charge concentration does not show systematic association with the electric field during the monsoon and post-monsoon seasons. During monsoon, when the ground inversions are the weakest (Fig. 2) , neither the space charge nor electric field shows double oscillation. But during the post-monsoon double oscillation is present in the electric field but not in the space charge concentration. This feature may be visualized as follows.
Israelsson (1978) observed that in stable conditions (i.e. fair weather conditions at night-time) the electric field and space charge are correlated very well and the nearest air layer determines the electric field. Under other stability conditions the correlation between electric field and space charge is smaller and the electric field seems to be influenced by a larger air layer.
During the post-monsoon low-level inversion conditions gradually set in with the reversal of the monsoon current from westerly to easterly. The reversal sets in initially in the higher levels and gradually extends to lower levels but the air layers very near the surface continue to remain homogeneous under the influence of weak maritime westerly air current . With this type of stratification of the air layers, double oscillation is anticipated in the electric field but not in space charge. This observation may further be corroborated from the following simple theory.
The atmospheric electric field (E) at the surface may be expressed in the following form V where V = ionospheric potential R , = total columnar resistance R , = resistance component of the lowermost column (120 cm in the present case) which is affected by the diurnal vertical mass transport due to convection R, = resistance component of the lowermost column which is affected by advection of air mass or synoptic situation other than convective activity.
Differentiating eq. (1) with respect to height Z, the space charge (S) may be written in the following form
The air mass regime in the region during the transition period of the post-monsoon season may be such that dR,/dZ, which has a diurnal variation, will be small compared to dR,/dZ. The double oscillation in space charge (S) is not seen while the double oscillation in the electric field (E) may be just apparent as R, will become appreciable in comparison to R,.
Influence of air mass on electric field and
During winter cold waves pass through the region in the wake of western disturbances moving across north-west India. Under such meteorological conditions incursion of polar continentaltype (PJ air masses takes place which results in a steep fall in the minimum temperature and the air mass, being of continental origin, transports high concentrations of particulates into the region. On these occasions the electric field values are found to be high and also show intense agitation. This observation is in agreement with an earlier study which showed a close association between the electric field and the characteristics of the air mass in the region (Mary Selvam et al., 1974) .
The mean daily average values of electric field and space charge for days associated w i t h cold space charge 
Figures in parentheses denote the number of observations of which the given value is the mean.
wave conditions with minimum temperatures 5 to 10 "C and with minimum temperatures greater than 10 OC are given in Table 3 .
On days with .cold wave conditions the average values of electric field and space charge are higher by 11% and 52% respectively than the average values for other days in winter (Table 3) , and are significant at 0.25 and 3.44% respectively, as estimated by the Mann-Whitney U-test (Siegel, 1956 ). The diurnal range of variations in space charge and electric field are also, in general, higher during the days of cold wave conditions than those during other days. The di&erences are not statistically significant. The difference in the values between the two categories of days is predominant during evening through morning hours when the surface inversions are present (Fig. 2) .
Atmospheric electric sunrise effect
The variations in the electric field which are apparently linked with sunrise are generally known as the "sunrise effect". It is suggested that this effect is due to the increased ionization in the electrosphere by solar radiation (Muir, 1975) . The "sunrise effect" has been examined with respect to the F, Iayer critical frequency &F2 in the present study. The diurnal variation offoFz is shown in Fig.  1 . The times of onset of the astronomical twilight and ground sunrise at the station are marked in the figure by vertical lines. The following points are of interest.
The pre-sunrise minimum in the electric field in all the four seasons occurred 1 h or more before the time of onset of the ground sunrise. The time of occurrence of the minimum coincided with the time of onset of twilight in winter and monsoon. But, it coincided with the time of occurrence of foFz minimum in all the seasons except in winter. The double oscillation in the diurnal variation of the electric field is absent during the monsoon season. This may be due to the homogeneous particulate content in the lower troposphere throughout the day due to sustained maritime air flow. Also, the particulate concentrations are expected to be low due to rain-out and wash-out effects (Khemani and Ramana Murty, 1968) . There is a high degree of correspondence between foF2 and the surface electric field during the monsoon season. The early morning minimum in the electric field and its subsequent rise cannot be attributed to the advection or generation of space charges in the boundary layer since the winds during the period were calm and also urban activities were absent. In addition, during the monsoon season stratiform clouds form over extended areas of the region and do not produce any significant electrical effects at the surface in the absence of rain. As mentioned earlier, the present observations d o not relate to the periods of thunderstorm activity or rain. During the monsoon season the global effect in the electric field can be most easily identified since the contribution by the local affects is minimum.
From the above it may be inferred that the diurnal variation in the surface electric field during the monsoon corresponds closely with the electrosphere potential variations rather than the variations in the atmospheric conditions. The above hypothesis is further corroborated from the results of the harmonic analysis of the electric field which show that the fundamental peak at about 1400 IST predominates and contributes about 60% of the total variance. Thus the time of the fundamental peak in the electric field coincides with the time of occurrence of the peak in foF, (Fig. 1) .
Observational evidence for the influence of
It is known that the atmospheric electric potential gradient is directly proportional to the potential of the ionosphere which depends on the ionization level. The ionization increase begins with sunrise and is maximum during mid-day. The foF2 variation gives the variation of the ionization level in the F, region of the ionosphere. The following Observations provide evidence that the atmospheric electric field has a maximum during mid-day when the ionospheric ionization level is a maximum.
(i) The diurnal variation in local time for flat land stations with small pollution shows one maximum in the afternoon (Israel, 1973) . ( ii) The diurnal variation of the charge of an air column (6 km) over Leningrad, Kiev and Tashkent has a maximum between 14W2000 true solar time (Imyanitov and Chubarina, 1967) .
The above observations indicate that the times of occurrence of the minimum and maximum in the diurnal variation of the electric field correspond to those in the diurnal variation offoF,.
Also, Miircz (1976), from measurements made in Hungary and Poland, observed that extremely high ionospheric night absorption can be followed by enhanced night average of the potential gradient measured at the ground. This enhancement was often found to last several days. The above study indicates that increased ionization level of the ionosphere gives rise to increase in the electric field at the surface. ionosphere on surface electric field surface after a major solar flare. This study further corroborates the conclusion stated in the previous paragraph.
Mechanism of the atmospheric electric sunrise
Muir (1975) suggested that an increase in the electrosphere potential could be the source of the atmospheric electric sunrise effect. During the periods of sunrise, intense ionization takes place in the ionosphere and charge separation takes place due to the transport of charged particles by the zonal wind across the earth's magnetic field. The zonal wind in the F region over the tropics is from east to west with speeds ranging from 100 to 200 m s-I (Bittencourt et al., 1976) . The charge separation in the electrosphere leads to an increase in the potential of the electrosphere relative to the earth, which in turn would affect surface electric field. From the above it is anticipated that diurnal variation in fOF2 would be reflected in the surface electric field. However, the order of magnitude of the charge separation produced by the above mechanism alone is smaller than that required to account for the positive ionospheric potential of 3.6 x lo5 V with respect to the earth.
After the sunrise the electron density of the F, layer increases and reaches a peak at about 1400 IST and also the F, layer comes down. During such conditions a corresponding variation in the surface electric field is also expected. The occurrence of the significant peak in the surface electric field at 1400 IST is in agreement with the peak in fOF2 during monsoon and further supports the above hypothesis.
The association between fOF2 and the surface electric field during the monsoon season is more marked compared to that in other seasons. The non-homogeneous conditions like the particulate content and the convective activity in the lower layers of the atmosphere during other seasons would mask the diurnal variations in the surface electric field caused by electrosphere potential variations.
The fOF2 minimum precedes the pre-sunrise minimum in the electric field by about 2 h in winter. The later occurrence of the morning minimum in winter may be explained as follows. The solar radiation during this season is less illtense. But, as the sun approaches the horizon, the solar rays become less oblique and the effect of the ionosphere effect on the surface electric field becomes noticeable as the lower layers are affected by solar radiation.
5.6.
Harmonic analysis and power spectrum analysis of the diurnal variation of electric field and space charge The phase relationship of atmospheric electric field and space charge are studied using harmonic and power spectrum analyses. The hourly average values of electric field and space charge for the 24 h were used in the analysis. The time of maxima and their contribution to the total variance of each harmonic are evaluated using the harmonic analysis method (Panofsky and Brier, 1958) . The significance of the predominant harmonics are evaluated using the power spectrum analysis (W.M.O., 1966). The significance is obtained by determining the white noise level due to data scatter and the red noise level (95%) due to the persistence. A maximum lag of 12 (50% of the total length of the series) is used. The results are given in Tables 4 and 5. 5.6.1. Electric field. The first three harmonics together contribute up to 96 % of the total variance. The first three harmonics during winter and pre-monsoon and the first two harmonics throughout the year are significant above the white noise level at 95%. The second and third harmonics during winter and pre-monsoon and second harmonic alone during post-monsoon are significant above the red noise level (95 %) due to persistence. The results of the present study are in agreement with those reported by other workers (Bhartendu, 1969; Israelsson and Oluwafemi, 1975) .
The association between the harmonic components of the surface electric field and the processes which may influence them have been examined. The origin of the different harmonic components of the electric field may, by and large, depend on the variations in (i) the vertical mass exchange due to convection, (ii) the ionospheric F,-layer electron density (foF,) and (iii) global thunderstorm activity. Of these three mechanisms, the first two account for the major part of the variation of the electric field at the surface. Mechanism (i) predominates during all seasons except in the monsoon seasons. The global thunderstorm activity, which has a peak at 2400 IST (Chalmers, 1967) , contributes the least to the maintenance of the electric field at the surface.
The double oscillation associated with the vertical mass exchange due to convection predominates significantly in the semi-diurnal and ter-diurnal components. The time of maximum of this semi-diurnal oscillation occurs earlier during pre-monsoon. A similar variation in the surface electric field for land stations during summer is reported (Bhartendu, 1969) . The contribution to the total variance due to semi-diurnal variation is minimum during monsoon which is due to (i) the presence of stratiform clouds over extended areas which suppress convection and (ii) the absence of surface inversions and homogeneous atmospheric conditions in the lower troposphere throughout the day due to sustained maritime flow (Section 5.3).
There is a good agreement between the variations in foFz and the surface electric field. In all seasons, the early morning minimum and the afternoon peak in fOF2 are seen reflected in the diurnal and ter-diurnal components of the electric field which are significant.
The diurnal variation of the global thunderstorm activity is seen retlected in the ter-diurnal component during all the four seasons. The ter-diurnal component is significant during winter and premonsoon seasons.
The double oscillation observed in the electric field can be simulated by a 12 h sine wave corresponding to the convection cycle and a 24 h sine wave corresponding to the fOF2 variation. The convection sine wave commences at 0700 IST and has an amplitude twice that due tofoFz up to 1800 IST. For the remaining period the amplitudes are the same. The global thunderstorm maximum at 2400 IST has only a slight effect on the double oscillation of the field as it is also seen from the results of the harmonic analysis (Table 4) . 5.6.2. Space charge. The harmonic analysis suggested that the first three harmonics are the major contributors (70 to 95%) to the total variance in all the seasons except during postmonsoon. During the post-monsoon the contribution by the first three harmonics to the total variance is only 40 %.
The power spectral analysis suggested that only during the pre-monsoon are the semi-diurnal and ter-diurnal components significant above the red noise level (95 %).
Except during winter and pre-monsoon, the various harmonics of space charge are not in phase with the corresponding harmonics of the atmospheric electric field. During pre-monsoon the Possible atmospheric electric generators semi-diurnal oscillations of the electric field and space charge are in phase while in winter the semi-diurnal component of space charge occurs 1 h ahead of the field component. The semi-diurnal components of electric and space charge are closely associated during the winter and pre-monsoon seasons since the contribution to total variance is the same for each season. As discussed in Section 5.1., phase difference between the atmospheric electric field and space charge is controlled by meteorological conditions which change from season to season. Also, the electric field is not controlled by the space charge when the atmosphere is not stable, i.e. in the absence of inversions.
Conclusions
A study of the diurnal and seasonal variations of space charge, electric field and cloud condensation nuclei in the lowest layers of the atmosphere suggested the following :
(i) The curve showing the variation of space charge exhibited a double oscillation corresponding to that of the electric field during winter and pre-monsoon seasons. This may be attributed to the establishment of the electrode effect during the surface temperature inversion conditions. During pre-monsoon the semidiurnal components of space charge and electric field are in phase while in winter the semi-diurnal component of space charge occurs 1 h ahead of the electric field component. Similar features are absent during monsoon and post-monsoon seasons. The thermal stratification vis-a-vis the nuclei concentration in the surface boundary layer appears to influence the space charge and the electric field under certain conditions. (ii) The mean values and diurnal ranges of both space charge and electric field are high during winter/pre-monsoon and are low during monsoon/post-monsoon seasons. The diurnal range of temperature and the concentration of cloud condensation nuclei are positively correlated with space charge and electric field. (iii) The pre-sunrise minimum in the electric field is associated with the characteristics of the F region of the ionosphere rather than with the ground sunrise time. The fOF2 variations are reflected in the diurnal and ter-diurnal components of the electric field. The results of the present study support the hypothesis that the increase in the electrosphere potential could be the source of the atmospheric electric sunrise effect (Muir, 1975) .
